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Pope et al. 1995; Samet et al. 2000). The exact compounds
Continuous, size resolved particle measurements were perfor- and/or particle size ranges responsible for these health effects

med in two houses in order to determine size-dependent particle have not yet been determined. The indoor environment pro-

penetration into and deposition in the indoor environment. The ex- vides a significant, if not dominant, exposure potential for par-

periments consisted of three parts: (1) measurement of the particle ticles for t . Eirst | d t of thei
loss rate following artificial elevation of indoor particle concentra- Icles fortwo primary reasons. FIrst, people spend most of their

tions, (2) rapid reduction in particle concentration through induced ~ time indoors—typically~90% (Jenkins et al. 1992; Robinson

ventilation by pressurization of the houses with HEPA-filtered air, and Nelson 1995). Second, indoor concentrations of particles
and (3) measurement of the particle concentration rebound after of outdoor origin are estimated to be on the same order as
house pressurization stopped. During the particle concentration outdoor concentrations (Wallace 1996; Ott et al. 2000; Riley

decay period, when indoor concentrations are very high, losses due . . ;
to deposition are large compared to gains due to particle infiltra- et al. 2001). Indoor concentrations of particles of outdoor ori-

tion. During the concentration rebound period, the opposite istrue.  gin are influenced by many building and environmental fac-

The large variation in indoor concentration allows the effects of tors, such as air leakage rates and ventilation system design.
penetration and deposition losses to be separated by the transient, Thatcher et al. (2001) identified and evaluated sources of data
two-parameter model we employed to analyze the data. For the ¢ thnge factors that affect the transport into and concentra-

two houses studied, we found that as particles increased in diame-t. f outd ticl ithin the ind . t Inad
ter from 0.1 to 10 m, penetration factors ranged from~1to 0.3 0N OT OULAOOr particies within the Indoor environment. 1n ad-

and deposition loss rates ranged from 0.1 and 5. The declinein  dition to particles of outdoor origin, particles generated from
penetration factor with increasing particle size was less pronounced indoor sources, such as tobacco smoke, cooking fumes, or pet

in the house with the larger normalized leakage area. dander, may present significant specific health concerns and
may add to the total health burden associated with particle
exposures.
Particle deposition within the home will reduce indoor air-
INTRODUCTION borne concentrations of particles with both indoor and outdoor

Particulate air pollution is associated with increased mow¥igins. For this reason, understanding deposition loss rates un-
bidity and mortality even at the generally low levels of aidler typical residential conditions is important for assessing hu-
pollution found in United States cities (Dockery et al. 1993nan health impacts from indoor particles. Many experiments
have been performed to study particle deposition in the indoor

E— environment (Offermann et al. 1985; Xu et al. 1994; Byrne et al.
Received 15 October 2002; accepted 16 May 2003. 1995; Thatcher and Layton 1995; Fogh et al. 1997; Abt et al.
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National Petroleum Technology Office under US Department of Ener: atcher et al. 2002). Results from these studies show a wide
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Another key factor influencing indoor exposures to particlegere predominantly left open.” As the particles increase in di-
of outdoor origin is the effect of losses due to particle filtratioameter from 1 to um they report that modeled “penetration
by the building shell. These losses are typically quantified lefficiencies drop precipitously’R = 0.9, 0.82, 0.74, 0.69, and
the use of a penetration factor, P, defined as the fraction of pars3 for particle diameter bins 1-2, 2—-3, 3—4, 4-5, and/b+6
ticles in the infiltrating air that pass through the building sheltespectively). The low values for the larger particle sizes seem
Previous experiments on penetration factors have found a lapgig/sically unreasonable, since when windows are open nearly
variation in values. In some cases, it appears these variatiatisof the air exchange will occur through the open windows,
are due to the variability found in houses and in experimentahere the penetration factor will be 1. A potential reason for
conditions. In other cases, the results are confounded by thetlre incongruity using their approach is that the method fits a
ability to separate deposition and penetration effectively andsmgle value of penetration factor to all of the data, regardless
account for time dependencies in the underlying measured vaflwhether windows and doors are open or closed. Since homes
ues. Thatcherand Layton (1995) measured particles as afunctioihtend to have higher air exchange rates (and penetration fac-
of size and found penetration factors near 1 for particles with ders near 1) when windows are open and lower air exchange
ameters larger thandm for the single residence studied. Theseates when windows are closed, a single value for P cannot be
results suggested that the shell of the building studied providesed to fit the entire data set. Additionally, Long et al. used a
essentially no filtration for these particles. However, this studeady-state model to analyze their data. However there is no
was performed using only a small number of replicates iniadication that the indoor concentration was constant over time
single residence and may not be representative of the genéddl; /dt = 0), as required by a steady-state model or an analysis
building population. Wallace (1996) also calculated penetratiarfithe effect of using a steady-state model to analyze nonsteady
factors very close to 1 for PM 2.5 and PM 10, based on thiata.
particle mass data from the EPA PTEAM study for a large num- Roed and Cannell (1987) reportedP1 for two radioactive
ber of households in the Los Angeles area. These data do isotopes {31l and 'Be) and P= 0.53 for a third {3Cs), all
lend themselves to understanding whether particle penetratassumed to be bound to particles, based on measurements in a
is particle-size dependent. Cristy and Chester (1981) generadedyle house. Koutrakis et al. (1992) measured PM 2.5 in 394
large quantities of Zm-diameter spores outside a trailer homéyomes and estimated penetration factors between 0.58 and 1.04
which are often poorly sealed structures, and measured thefor-8 elements primarily of outdoor origin. Their calculations
door concentration response. Based on their data, they concladsumed that all 8 elements had an average deposition velocity
that penetration losses did not have a significant effect on inda$r0.18 m/h—in effect, that the elements were all associated
concentrations. Vette et al. (2001) reported penetration factevigh the same size particle. If the elements were truly associated
for a single house between 0.4 and 0.9 for ambient particih the same particle size, then the reason for the differences
with diameters between 0.01 and 2.B. However, they did not in penetration factors between elements is unclear. If they are
measure air exchange rates during the period for which the passociated with different particle sizes, then the assumption of a
etration rates were calculated. Because air exchange rates eamymon deposition rate, independent of particle size, will lead
from period to period, their results have a large uncertainty asso{arge errors in the calculation of penetration factors. This will
ciated with them. Thatcher and Layton (1995), Wallace (1996)e especially true for particles larger than 142 in diameter
and Vette et al. (2001) all based their results on measured gifhatcher et al. 2002).
bient particle concentrations. Ambient outdoor particles may Chao and Tung (2001) report 0.85 based on measure-
undergo unknown reactions and/or transformations in the iments of PM 2.5 in five homes and the assumption that indoor
door environment that can complicate interpretation of resultdeposition lossesg) were negligible. Consequently, their re-
As we discuss further below, this is particularly important in thported penetration factor attributes both penetration and depo-
western U.S., where volatile ammonium nitrate particles caition losses to building shell filtration and therefore overstates
represent a significant portion of the particle mass. the penetration loss rate. Tung et al. (1999) measured concen-

Abt et al. (2000) calculated a factor they termed the “effetrations of PM 10 in an interior conference room and corridor of
tive penetration efficiency,” which combines both deposition arah office building under conditions with the HVAC off and cal-
penetration losses for outdoor particles. However, their analysidated penetration factors for transport from the corridor into
did not separate the two factors. Long et al. (2001) describ#e adjacent room ranging from 0.69 to 0.86. Their data show
an “infiltration factor” which was equivalent to the “effectivethat a large increase in the particle concentration in the corridor
penetration efficiency” discussed above, where the effectsdifl not cause any response in the conference room concentra-
deposition and penetration losses are not separated. They &tsm which they attribute to the low air exchange rate (0.29 h
determined values for deposition and penetration losses usirfgeéveen the corridor and room. However, if a transient model
random effects mixed model on data from nine homes and fer air flow and particle transport between the corridor and the
ported penetration factors between about 0.9 and 0.3 for partialesm is constructed using their parameters, the modeled room
between 0.02 and &m, respectively. They reported penetratioimoncentration shows a substantial response to the increase in the
values for one individual home where the “windows and dooc®rridor particle concentration. A possible explanation for this
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discrepancy is that some other pathway, such as the HVAC dumther pathways with relatively large dimensions. The ASHRAE
work, duct leaks, or the ceiling plenum, was the main source Bindamentals Handbook (ASHRAE 1997) reports that a large
particle-bearing air infiltrating into the conference room, not thfeaction of air infiltrating into a residence can come from large
leaks between the room and the corridor. Furthermore, with topenings such as those around fireplace dampers (0 to 30%)
HVAC system off, itis not clear whether the room has a negatiwz in the heating system (3 to 28%). When large pathways are
pressure with respect to the corridor, which would have to Ipeedominant, penetration factors would be expected to be close
the case in order to have air flow and particle transport betwetarunity. In a home without larger openings, where most of the
these two spaces. air enters through smaller cracks, the observed penetration rates
McMurry et al. (1985) measured indoor/outdoor (1/O) ratiomay approach those found in chamber studies.
in a well-sealed residence, with no known indoor sources andSeparating the effects of deposition and penetration in a full-
found no correspondence between these ratios and particlesgiale house is difficult. Often assumptions are made with respect
ameter for particles between 0.1 angth. In developing their to eitherthe deposition rate or penetration factor and the resulting
approach and analysis, they assumed that the indoor and @atrameter is then used to calculate the other factor. Alternatively,
door concentrations were at steady state, even though the lmath Thatcher and Layton (1995) and Vette et al. (2001) first
air exchange rates and correspondingly long residence timesl@termined the deposition rate by elevating the indoor particle
this study make steady-state conditions more difficult to achiewamncentration, measuring the particle loss rate as a function of
The potential impact of assuming steady state when the systparticle size, and subtracting the exfiltration rate. The measured
is transient can be seen in their data during a rainfall episodeposition rates were then used along with ambient indoor and
where the /O ratios rise dramatically for all size ranges due ¢utdoor measurements (with resuspension minimized) to deter-
a sharp drop in outdoor concentrations. These I/O ratios declmine the size-dependent penetration rate. Using this method,
rapidly once the rainfall episode has concluded and outdoor pany changes in the deposition loss rate or variability in outdoor
ticle concentrations rebound. The changes in the I/O ratio oymarticle concentrations at “steady state” will lead to inaccuracies
this period are probably influenced more by the time lag ba the calculated penetration factor.
tween the indoor and outdoor concentrations than by changes inn the present study, we describe a methodology for specif-
the physical processes influencing indoor concentrations. ically determining particle penetration as a function of particle
In addition to the whole house studies listed above, sesize that takes into account the significant factors influencing
eral studies have investigated penetration through manufactusedh measurements, such as the particle size-dependent depo-
cracks in experimental chambers. Lewis (1995) reported pes#ion rate onto indoor surfaces, time variation in air exchange
tration factors ranging from 0.97 to 0.29 for particles increasirrgtes and outdoor particle concentrations, and the potential ef-
in size from 1 to 6um passing through a Perspex (plastic) sliiects of other particle loss mechanisms indoors. In contrast to
0.1 mm high and 40 mm wide with a pressure differential ahany of the previous studies, we seek to understand the physics
10 Pa maintained across the slit. Mosely et al. (2001) pass#genetration loss mechanisms using actual houses. Since both
monodispersed particles through manufactured aluminum stite chemical composition and physical characteristics of par-
0.508 mm high and 10 cm wide. They found penetration factatisles vary with size, understanding particle penetration as a
between 0.02 and 0.9 for 2m particles and 0.001 and 0.05function of particle size will be a critical component in testing
for 5 um particles, with a strong dependence on the presswed evaluating various health and exposure hypotheses. Itis also
differential across the crack. important to understand whether particle penetration factors can
In general, investigators conducting chamber studies hdwe related to the leakage characteristics of houses.
reported lower penetration rates than those performing whole
house studies. The reasons for this are not entirely clear. How-
ever, it is reasonable that the penetration factor should be highKPERIMENTAL PROTOCOL
influenced by the size and geometry of the infiltration route, Since both deposition and penetration losses are particle size-
which has not been systematically investigated for a wide vadependent and occur simultaneously, it is difficult to decouple
ety of houses. Liu and Nazaroff (2003) performed experimerttge effects of these processes in aresidence. In our experimental
measuring penetration factors as functions of particle size, cratgsign the indoor concentration is varied over a wide range and
height, pressure drop across the crack, and crack material. Theyanalyze events where deposition is the dominant loss mecha-
found that the height of the crack significantly influenced thaism and events where penetration losses dominate. A transient
penetration factor. For example, they found that forr par- model employing a two-parameter fit is used to determine the
ticles traveling through a 9.4 cm long smooth crack, essentiattpmbination of deposition rate and penetration factor that best
no particles deposited in a crack 1 mm high and nearly all pdits the observed data.
ticles deposited in a crack 0.25 mm high. Older homes, and For this study we conducted experiments in two houses, one
other homes which are not tightly sealed, may have a signiii- Clovis and the other in Richmond, California. At both sites,
cant portion of their infiltrating air entering through openinga typical experiment began with a short period of indoor resus-
around pipes and electrical outlets, poorly sealed windows, gpehsion activities followedyba 1 to 2 hperiod of concentration
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8 Oscillating Fan indoor particle concentration rebounded. During the entire ex-
periment, tracer gas measurements were made continuously at
[ ] Particle Monitoring several locations within the building. Size-differentiated particle
concentrations were measured every 3 min with particle instru-
O Pressure Tap ments located both inside and outside the building.
'i)} Gas Detection The resuspension process raises indoor concentrations of par-
O HEPA Filter ticles larger thaan.Z um in diameter by causing particles th_at
9 9 have been deposited or tracked onto surfaces to disperse in the
Total Area =639 ft (59 m) indoor air. It is expected that these resuspended particles will be
chemically stable in indoor air and will not undergo transforma-

\/' . ' tion processes. During the concentration decay period, indoor
concentrations are relatively high and losses due to deposition

will be large compared to gains due to particle infiltration. The

LIVING ROOM [ deposition rates obtained during this period are stable and repro-

] ducible. During the concentration rebound period, the opposite
ii? L will be true. Changes in indoor particle concentrations will be
due almost exclusively to infiltrating outdoor particles and depo-
sition losses will be small compared to infiltration. Thus we can

8 effectively separate penetration and deposition losses. In some

4 cases, chemical transformation can be an important confounder;
s STORAGE we discuss this further below.
BEDROOM #1 z 1@

Study Locations
. To explore the effect of building characteristics on deposi-
& BEDROOM#2 tion losses and penetration factors, we applied this method in
two separate homes, each with very different construction. Ex-
_ | periments were performed in two houses: one in Richmond,
'ﬁ? 8 California and a second in Clovis, California. The Richmond
KITCHEN s house is a small, older, single-story building (58 mith wood
_|:] = } [ clapboard siding, un-insulated walls, and double-hung wooden
O windows. The building is located in a relatively unsheltered lo-
. . _cation near the San Francisco Bay and is subject to winds that
Fl_gure 1. Floo_r plz_in of the experimental hous_e located "Bxhibit a significant diurnal variation in both wind speed and di-
R|chm9nd, C{:llllforma. Particle measurement eqP'pmem was Fé'ction, as well as occasional high wind speeds. Figure 1 shows a
cated in the I|y|ng room. Tracer gas con_centratlons were meffb'orplan of the house. All particle measurement equipment was
sgred atllocat|ons denoted by stars, and.mdoor—outdoor PreSSHtGted in the living room and two oscillating fans sitting on the
differentials were measured at the locations shown by the ORESLr were used to promote mixing, as shown in Figure 1. The

circles. building contained a wall heater that was not operated during
these experiments.
decay. For some experiments at the Clovis house, a natural-gasThe Clovis residence is a moderate-sized home (134am-
stove burner was also ignited to increase the indoor concetructed in 1972. It has a stucco exterior and single-glazed alu-
tration of smaller particles. Following the concentration decaginum frame windows. The house is single story, with standard-
period, the buildings were then pressurized using a High Effieight ceilings (2.4 m), a forced air heating and cooling system
ciency Particle Absolute (HEPA) filter mounted in a window afwhich was not operated during these experiments), and ceiling
the locations shown in Figures 1 and 2. The HEPA filter sufans (which were operated during the experiments to promote
plies essentially particle free air (greater than 99.97% removalxing). An additional oscillating fan located approximately
of 0.3 um diameter particles) and creates a positive pressuréd m from the floor was operated in the living room to dis-
gradient across the building shell (indoor pressure greater tharse tracer gas and promote mixing near the particle measure-
outdoor) that prevents the entry of outdoor particles, causingent equipment. The house is located in a residential suburb of
the indoor particle concentration to decline to nearly zero. Theesno, California, surrounded by mature trees and homes of a
effectiveness of the pressurization was confirmed by measursimilar height and size. The flat terrain and high level of shel-
the indoor-outdoor pressure differential across the building stering resulted in relatively low levels of wind loading near the
faces at various points. When the HEPA filter was then turnédilding. Figure 2 shows a floor plan of this house, along with
off, infiltration of particle laden outdoor air resumed, and ththe location of equipment.

BATHROOM
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Figure 2. Floor plan of the experimental house located in Clovis, CA showing locations of ceiling fans, tracer gas measurements,
and differential pressure measurements. Particle measurement equipment was located in the living room and in the outdoor shed

Blower door measurements, in which the amount of airfloand Matson 1997). The typical NL of a conventional new house
under various imposed pressure differentials is measured, @rapproximately 0.55 cAm? and a new well-sealed, energy-
commonly used to compare the relative “air tightness” of homesficient house is around 0.31 ém? (Sherman and Matson
(ASHRAE Standard 136 1993). These measurements can2®©2). Older homes tend to have significantly larger NL than
used to calculate normalized leakage (NL), which is the leakagewer homes (Sherman and Dickerhoff 1998). The Richmond
areanormalized by floor area and a house height factor. The aveuse has a normalized leakage area around 22Bwnindi-
age house in the United States has a NL of 1.2/orh(Sherman cating that the structure is fairly “leaky” and that air penetrates
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the building easily. The Clovis house has a relatively low nolarger sizes. Calibrations using an Electrostatic Classifier (TSI
malized leakage area of 0.65 &m?, indicating that it is better Inc, Model 3071) were performed with ambient particles to de-
sealed and may have a smaller proportion of the air leakagemine the appropriate conversion from optical to aerodynamic
occurring through large penetrations in the building shell.  size. However, the conversion from optical to aerodynamic di-
ameter is highly dependant on particle composition and varies
Measurement Equipment over time. In particular, variations in the chemical composition
The indoor particle and gas measurement instruments wefeéhe aerosol, such as high levels of carbonaceous aerosol, will
located in the living room of each house. Systems to measigad to errors in the conversion from optical to aerodynamic
tracer gas concentration and pressure differentials across die@meter. As a result, we report our concentrations in terms of
building shell monitored the living room as well as several loeptical diameter for measurements performed with the optical
cations throughout the house, as shown in Figures 1 and 2. dounters. The optical diameter is not necessarily expected to be
additional set of particle measurement devices was also locaigehtical to the aerodynamic diameter for the particles studied.
outdoors at each house. In Richmond, the outdoor instrumentdn Clovis, CA, a substantial and highly variable fraction of the
were located on a table approximately 30 feet upwind of tl@nbient aerosol can be composed of ammonium nitrate parti-
house. In Clovis, the instruments were located in a shed adjtes. These particles have been shown to dissociate into ammonia
cent to the house and samples were collected through a PMat@ nitric acid in the indoor environment (Lunden et al. 2003)
inlet projecting approximately 10 feet above the shed roof. and therefore cannot be readily modeled with a simple physical
Two aerodynamic particle counters (TSI, Model APS 3320odel that assumes that the particles are conserved. To deter-
one located indoors and one outdoors, were used to measuaiee the contribution of ammonium nitrate particles to the out-
size distributions for particles with aerodynamic diameters bdeor aerosol during these experiments, PM2.5 nitrate, carbon,
tween 0.5 and 1@:m. To assure that the measurements fromnd sulfate were measured with 10 min resolution using the in-
the two instruments were comparable, measurements with thgrated collection and vaporization method of Stolzenburg and
instruments sitting side-by-side were performed before and &fering (2000). This method collects PM2.5 particulate matter
ter each test series. The comparison tests were performed bmtthumidification and impaction omta 1 mmdiameter spot
outdoors and indoors. The results were compared to determir@naa metal substrate. The sample is then analyzed by flash-
collection efficiency ratio between the instruments for each sizaporization and quantitation of the evolved vapor compounds.
bin. For a typical calibration series, the standard deviation Niitrate concentrations are measured using low-temperature va-
the collection efficiency ratio was less than 0.1 for the individgorization in a nitrogen carrier gas with quantitation of the
ual particle size bins. The efficiency ratios were used to adjwstolved vapors using a chemiluminescent monitor equipped
the concentrations obtained by the instruments and “match” théh a molybdenum converter to reduce higher oxides of nitro-
results. For the Clovis experiments, the matching experimegisn to nitric oxide. Sulfate and carbon analyses are performed
were performed with the outdoor instrument sampling througfsing high-temperature heating, with analysis of the evolved sul-
the PM 10 inlet manifold so that manifold losses would be irfur dioxide by UV fluorescence and carbon dioxide by nondis-
cluded in the correction factor. The APS uses 52 size bins lpersive infrared absorption.
tween 0.5 and 2@m. For our analysis, the smallest size bin and Indoor and outdoor measurements were performed simulta-
all size bins over 1@m were eliminated, because of poor correreously using a four-cell system. One pair of cells (one indoors
lation between instruments for the smallest size bin and the ws®l one outdoors) was used for nitrate measurements. A sec-
of the PM 10 inlet outdoors reduced or eliminated particles wittnd pair was used for the combined measurement of carbon and
diameters larger than 1@m. Data in the remaining bins weresulfate. The outdoor nitrate cell and outdoor sulfate-carbon cell
grouped to produce 12 size bins between 0.5 angth0 The were housed indoors inside a box that was ventilated with out-
concentration in the largest of these bins was often very low ideor air to maintain near-outdoor temperature at the point of
doors, particularly in the Clovis house with its low air exchangsample collection. A more detailed description of this system
rates. For each size bin, we excluded periods where there weae be found in Lunden et al. (2003).
insufficient counts in the bin to provide adequate count statistics Air infiltration rates were measured using sulfur hexafluoride
from our analysis, typically around 5 counts per measuremerdcer gas techniques (ASHRAE 1997) with a photo-acoustic
interval. infrared detector system (Bruel and Kjaer, Model 1312). For the
Two optical particle counters (Particle Measurement SysteRichmond experiments, an injection/decay method was used. In
Model LAS-X), one located indoors and one outdoors, were ustiidls method, a pulse of tracer gas is injected and mixed within
to measure size distributions for particles with optical diametettse space. The loss of tracer gas over time is then monitored at
between 0.1 and gm. The instruments were “matched” inthree to six locations and the concentration decay rate is used to
a manner analogous to that used for the aerodynamic partidgktermine the infiltration rate. During the Clovis experiments, a
counters with similar precision in the collection efficiency raticconstant injection system was used. In this method, tracer gas
The smallest and largest size bins were excluded due to difiinjected at a constant rate before and during each experiment.
culty in matching and a low number of counts indoors for th€he time-varying infiltration rate is calculated using a transient
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mass balance approach that accounts for the injection rate @néreC, is the indoor particle concentration at timg# cni3),
the time-dependent infiltration losses. In general, the calculate@ time (h),C, is the outdoor particle concentration at time
air exchange rate at a given time was essentially the same (@& 2), P is the penetration factox, is the air exchange rate
each measurement location within the house, and the avergge€), g is the deposition loss rate (H, G is the generation
concentration for all locations was used in the model. The ondy particles indoors (# cm h™1), S is the particle formation
exception occurred when the window-mounted HEPA filter waBrough gas-particle conversion (# cirh™1), F is the particle
operated in the Clovis residence. During these periods, the $&rmation due to chemical reaction (#cih1), Kis the particle
concentration in the room containing the HEPA fan was vegjze change through coagulation (# Thh ~1), and H is the
low and that measurement point was excluded from the averaggticle size change through hygroscopic growth (#&hr?).
in order to obtain an air exchage rate more representative of theFor the conditions and particle size ranges used in these exper-
entire house. iments, we do not expect coagulation (K), hygroscopic growth
An automated, multiple channel differential pressure sygH), or formation (F) to have a significant impact on indoor par-
tem (Energy Conservatory, APT 8) was used to monitor pregele concentrations. In addition, care was taken to avoid indoor
sure differentials across the building shell at various points feburces (G) by using an unoccupied space and operating equip-
each house (see Figures 1 and 2) and to assure that presgent, such as pumps, that could generate particles outdoors.
ization with the HEPA filtration system was always positiverherefore, we assume that these effects are negligible in our
(inside with respect to outside) on all surfaces of the buildingnalysis. During some experiments, observations indicated that
envelope. the results were complicated by dissociation and vaporization
. of ammonium nitrate particles (S). Periods of high ammonium
Analysis Method nitrate were excluded from our results. For the periods selected

The concentration of particles indoors is a balance betwegp our analysis, we could reduce the mass balance equation to
the sources and sinks of particles in the indoor environment.
Figure 3 illustrates potentially important factors affecting in- Cr
door concentrations. In the most general form, the indoor Tt CoPhy = Ci (b + B). [2]
concentration of particles of a specific size and composition

particle can be represented by the following equation: Under steady-state conditions, this equation is solved easily

for a constant outdoor concentration and stable infiltration rate.
aC, However, in most real-world situations—as was the case for

ot (CoP —C)A —Cip+GC+S+F+K+H, [1] hege experiments—there is significant time variatioBjrand
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Figure 3. Schematic of particle transport, transformation, and removal processes in the indoor environment.
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Av, causing the steady-state solution to be invalid. Wd@p/ot  to problems associated with interference by ammonium nitrate,

is not zero, the equation can be solved using a basic “forwandhich will be discussed in more detail subsequently. For each

marching” scheme with time stept, as shown below: particle size range, the deposition loss rates and penetration fac-
tors obtained from the reconstructions were averaged over all

Ci(ts) = Cy (t1)+ P Co(ty)h, (1) At —C, (1) (A, (t At [3] €xperiments performed at each home. The average and standard
|(t2) ()P Colt)h (1) | ()0 (t)+6) 3] deviation are reported for each site.

In these experiments, the time step used was 3 min, correspond-
ing to the measurement interval for the size-resolved instrRESULTS AND DISCUSSION
ments. The penetration rebound method produces a characteristic
The equation-solving methodology employed the minimizéadoor particle profile as shown in Figure 4 for smaller particle
tion of the sum of the square of the differences between thizes measured with the optical particle counter and Figure 5 for
measured and modeled indoor concentration at each time dager particles measured with the aerodynamic particle counter.
divided by the measured concentration at that time. Since tinemediately following resuspension, indoor concentrations are
concentration varied over several orders of magnitude durisgnificantly higher than during the quiescent periods at the end
each experiment (from a maximum after resuspension to a maf-each experiment, for all but the smallest particle sizes. Con-
imum during the filtration period), dividing by the measuredentrations of particles greater than Q& typically increase by
concentration normalized the weighting of each point over timeore than a factor of 5, and particles larger tham3increased
entire experiment. Although this leads to biases due to measurg-more than a factor of 10, compared with the quiescent back-
ment errors, it was found to provide better fits over the entiggound. Similarly, during the period when the house was pres-
data range than those produced by other weighting schenmsized with filtered air, indoor concentrations are significantly
For instance, without weighting the high concentrations periotisver than quiescent concentrations. This large range of indoor
dominated and the curve fit at lower concentrations was poogncentrations increases the sensitivity of the method and im-
and a weighting scheme minimizing the inverse of the meproves the ability to find unique solutions for the penetration
sured/modeled difference led to large errors at high concentfaetor and deposition rate. However, the use of resuspended and
tions. Individual measurements which appeared to be inaccurastural gas stove-generated particles as sources of additional
due to either equipment limitations or instabilities were excludgghrticle concentrations indoors may introduce error into the cal-
from the analysis if they exhibited the following characteristicsulations if the properties of these particles (such as shape and
(1) zero or near zero counts or (2) one or more points whetensity) are different than those found in ambient air. To the
counts differ by more than 50% from the counts in both thextent that resuspended particles represent materials originally
preceding and following measurements in the time series, wilbposited from air, they should be similar to ambient particles
no physical explanation. In general, the excluded measuremenis lacking the most volatile or unstable components. The por-
represented less than 1% of the total number of points, with ttien of resuspended particles originating from tracked materials
exception of the largest size channel of each instrument, whictay not represent the chemical composition of ambient air well,
exhibited very low particle counts over significant periods. but aslong as they are stable and similarly shaped the deposition
The Excel spreadsheet tool SOLVE (Microsoft Corporatiomehavior should be similar to that observed for ambient particles.
Redmond, WA) was used to determine the deposition loss ratéechanically separated materials, such as fibers, are typically
B, and penetration factor, P, which minimized the sum of tHarger than 1Qum and would not be included in the measure-
weighting function residuals for each particle size range. Dueltzents. Particles from natural gas combustion should be similar
bias introduced by weighting the model/measurement error toythose in other fresh combustion aerosols, but they may not
the measured concentration, the average modeled concentratigmesent other submicron particles, such as inorganic aerosols,
tended to be slightly lower than the measured average concentvel if the densities are significantly different.
tion. This difference was typically less than 5%. In consideration Changes in the outdoor concentration during the experiment
of this bias, the goodness-of-fit was determined using two méaerease the sensitivity of the fit because deposition losses are
sures: the first is the measured/modeled correlation coefficiantunction of indoor concentration, and penetration losses are
and the second is the difference between the measured and naoélinction of outdoor concentrations. Consequently, outdoor
eled average concentration. If the correlation coefficient was lesmcentration variability helps differentiate the effects of pen-
than 0.95 or the difference between the average concentratietration and deposition losses. Significant changes in outdoor
was more than 10% for a time series reconstruction for a giveancentration occur over the course of one or more hours on a
particle size range, then the fit was rejected and the results wigngical day, but they can occur more rapidly, for instance when
discarded. Typically the model performed very well and fewhe wind direction shifts. For particle sizes near the larger end
rejections were observed, for example, in the Richmond expef-an instrument’s range, low indoor particle counts often lead
iments, 12 of the 122 reconstructions were rejected, and onlyd3poor count statistics and a high degree of sample-to-sample
of the 81 reconstructions were rejected in the Clovis data. Ovariability, especially during the rebound phase or when air ex-
experiment performed at the Clovis house was discarded dir@ange rates are low. This variability can lead to a decrease in
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Figure 4. Measured and modeled indoor particle concentrations for several optical particle diameter ranges during a typical run
in Richmond, CA. The larger particle size ranges show increased sample-to-sample variability due to the low number of counts
per sample period.

the sensitivity of the fit of the model to the data. Figures 4 armleates a situation where it is not possible to adequately fit both
5 illustrate the data and model fit during the experiments. Thige concentration decay and rebound portions of an experiment.
model fits well on both the downward sloping deposition phase At the Clovis site, the effects of ammonium nitrate dissocia-
and on the upward sloping rebound phase, indicating that baitn and vaporization indoors confounded the effects of pen-
deposition and penetration losses are appropriately describegtration factor and deposition rate on indoor concentrations.
The sensitivity of the model fit to the penetration factor valugigures 6 and 7 illustrate this effect. As shown in Figure 6,
can be seen in Figure 5. This example uses APS data from the outdoor ammonium nitrate concentrations are low and the
Richmond experiments with the model constrained to a penetraedeled particle concentrations match the measured particle
tion factor arbitrarily fixed at 0.5, leaving the deposition rate ancentrations well early in the experiment. Later, when the
the sole fitting parameter. The fixed penetration factor resultsantdoor nitrate concentrations rise rapidly, the outdoor particle
poorer fits and reduced correlation coefficients (from 0.994 tmunts show a similar rise for particles in size bins between 0.3
0.965 for 0.9-1.Jum, from 0.996 t0 0.973 for 2.1-2/6m, and and 1um, but exhibit little effect for larger or smaller particles.
from 0.993 to 0.988 for 5.0—6,2m). In this example, where the This suggests that outdoor ammonium nitrate particles have di-
penetration factor is lower than the “best-fit” penetration factommeters primarily between 0.3 anduiIn. The model predicts
the solver reduces the modeled deposition rate to compenghasg indoor particle concentrations will increase substantially
for the artificially low penetration rate. This results in an ovemhen the outdoor particle concentrations increase, as expected
prediction of the indoor concentration in the initial period justrom Equations (2) and (3). However, indoor measurements of
following resuspension, when deposition is the dominant loBgloor particle nitrate concentration and indoor particle concen-
mechanism. Later in the experiment, when indoor concenttaations do not show corresponding responses. This indicates
tions are lower, the effect is reversed, with the model undehat deposition and penetration losses are not the only processes
predicting indoor concentrations. If the penetration factor weedfecting the indoor particle concentrations at this site during
fixed above the “best-fit” value, the opposite would be observetimes of high outdoor ammonium nitrate concentrations. As a
These results demonstrate that constraining the penetration catesequence, a simple chemical-conservative model cannot be
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Figure 5. Measured and modeled indoor concentrations for selected aerodynamic particle diameters during a typical experiment
at the Richmond site. For the constrained model, the penetration factor is fixed at 0.5 and the deposition rates are determined using
the same residual minimization process as used in the unconstrained results.

used to represent adequately the indoor particle concentrati@mtly in the 0.65 to 0.8(xm size bin. Based on the response
during these periods. Methods used for assessing losses of paen in the outdoor size distribution, the average size of the
ticle nitrate and conversion to gaseous ammonia and nitric aélM2.5 nitrate particles appears to increase as the nitrate peak
indoors are described in more detail by Lunden et al. (2003) aapisode progresses. These sizes are consistent with the bimodal
Fischer et al. (2003). ambient nitrate distribution reported by John et al. (1990). The
Determining the size distribution for ammonium nitrate anshifting nitrate size distribution makes it difficult to remove the
subtracting the nitrate particles from the size-resolved parti@detdoor ammonium nitrate particles from the size distribution,
concentrations both indoors and outdoors could remove the iefthe absence of size-resolved nitrate measurements. The indoor
fect of nitrate transformation. Since our time-resolved nitragze distributions indicate no corresponding increase in concen-
measurements are not size-resolved, this method would requiegion during the nitrate peak episode, suggesting that either
a very stable nitrate size distribution. Figure 7 shows indotlie ammonium nitrate aerosols are dissociating very rapidly in-
and outdoor particle concentrations for selected size ranges dodrs or they aren’t being transported across the building shell.
PM2.5 nitrate concentrations measured both outdoors and s latter seems unlikely, as other particles in the apparent size
doors during a period when no rebound experiments were coange of the ammonium nitrate particles have penetration factors
ducted. Initially the outdoor PM 2.5 nitrate concentration is lowreater than-0.8.
and stable. Between approximately 0900 and 1200, a nitrateDue to the difficulties caused by ammonium nitrate dissocia-
peak occurs outdoors. The outdoor particle size distributiotisn and vaporization indoors, we chose to calculate penetration
for particles with diameters less than about a micron exhilféctors and deposition rates for the Clovis house using data only
peaks during the nitrate episode. The response appears firdtam those portions of the experiments where the outdoor con-
the 0.15 to 0.2um size bin and shifts to larger size ranges asentrations of ammonium nitrate were low and relatively sta-
the episode develops. By the time the outdoor PM 2.5 nitrabée. Despite this constraint, ammonium nitrate may still exhibit
concentration reaches a maximum, the peak is seen predomsomewhat confounding effect on the results because overall
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Figure 6. Measured and modeled indoor concentrations for selected optical particle diameter size ranges, along with outdoor
PM2.5 nitrate concentrations at the Clovis, CA site. The increase in outdoor PM2.5 nitrate does not resultin corresponding increases
in indoor particle concentrations, as would be predicted by the simple physical model that assumes that particles do not undergo
phase change.

particle concentrations were also low during these periods. ThisDeposition rates for the Richmond and Clovis houses are
may result in artificially low penetration rate predictions fosimilar and fall within the range of deposition rates found by
submicron particles in the Clovis experiments. Since the indoather researchers (Thatcher and Layton 1995; Fogh et al. 1997;
particles during the deposition portion of the experiments conskbsley et al. 2001). The deposition loss rates at the Clovis resi-
mainly of resuspended and/or generated particles, calculateddience were slightly lower than those observed for the Richmond
position rates are less likely to be affected by ammonium nitrateilding for all particle sizes, but the differences were not sta-
losses. tistically significant when individual points are compared. De-
Table 1 lists experimental parameters for each of the expppsition rates can vary between residences and within a single
iments performed. Figure 8 illustrates how particle concentreesidence for many reasons. Thatcher et al. (2002) showed that
tions and conditions change over the course of an experimertth the indoor air speed (related to the internal mechanical en-
The best fit parameters and standard deviations for penetra@rgy) and the amount of furnishings influence deposition loss
factor and deposition loss rate at various particle sizes are listates. In these experiments, the fans used to improve mixing in-
in Table 2. Figures 9 and 10 compare the deposition loss rates dodrs are expected to increase deposition rates over those that
penetration factors obtained at the two sites. The optical diameuld be found in the absence of fans. Consequently, the depo-
eter values for the Richmond site represent the best fit achiewttibn rates reported here are more representative of homes using
by applying the two-parameter transient model to the data fiams or forced air heating and cooling than those without. During
five experiments conducted during March and April 2000. Theeriods when the window-mounted HEPA filter operated, depo-
aerodynamic data are based on only four of these experimesit®on may have been further enhanced in the room in which the
because the equipment failed during one of the experimertfEPA system was located. However, the air exchange rate is
The values for the Clovis site represent the best fit for thrédégh during HEPA filter operation, and the relative contribution
experiments conducted during August, September, and OctobEenhanced deposition to the overall particle loss rate is ex-
2000. pected to be small. Moreover, the duration of the filter operation
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Figure 7. Indoor and outdoor concentrations for PM2.5 nitrate and selected optical particle diameter size ranges. The outdoor
nitrate peak results an increase in the outdoor particle concentration for particles with optical particle diameters between 0.1 and
1.0 um but does not result in a corresponding increase in indoor concentrations.

when particle concentrations are high (and thus total partidtwever, there are no published studies on the correlation, or
losses are potentially important) is short, approximately 15 kack of correlation, between NL area and average leakage crack
20 min compared with the total time of the experiment, ca 5—6 dimensions. For particles between 0.1 anddn®there may be a
Thus the possible effect of enhanced deposition due to the apnfounding effect due to ammonium nitrate dissociation in the
eration of the HEPA filter system is quite small. Both indoor ai€lovis house, since ammonium nitrate particles are in this size
speed and furnishing level varied between the 2 homes. Maange—see Figure 7 and John et al. (1990), even though the data
air speed may also have varied between experiments at the sagts were selected to avoid periods of high nitrate measurements.
home due to changes in surface-to-air temperature differenc&his may yield calculated penetration factors that are lower than
Penetration factors at the Richmond house were near uriitye actual penetration factor for particles in this particular size
for all but the largest and smallest particle sizes. Since it is aange.
older building with a relatively high NL area and is constructed The correlation between the deposition rates calculated by the
with double hung wooden windows and wood siding, thivo sets of instruments (APS and LAS-X) is very good for most
Richmond house is presumed to have larger cracks through iees, especially considering that the instruments measure parti-
building shell. Large cracks are not expected to be very efficieties in a different manner (aerodynamic and optical diameter, re-
for removing particles (Liu and Nazaroff 2001). Penetratiospectively). The standard deviations for the deposition loss rates
rates for the Clovis house were lower than those at tlweraged about 60% of the deposition rate value. It is not clear
Richmond house, ranging from0.8 for particles 0.2to 0.am  from this study how much of this variation is due to measurement
tojust over 0.3 for particles bm and larger. This may mean thatand fitting inaccuracies and how much is due to actual variability
in the tighter construction of the Clovis house, the penetratiémthe deposition rate. A comparison of previous research has in-
pathways are smaller and more effective for removing particleticated that deposition loss rates can vary considerably based on
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Figure 8. Air exchange rate and indoor and outdoor temperature, relative humidity, pressure difference, and concentrations for
selected particle sizes as a function of time over the course of a typical experiment.

conditions within the interior space (Thatcher et al. 2002). Th®ns in the actual derived rate is unclear. The data and model of
standard deviations for the penetration factors averaged 16%.af and Nazaroff (2001, 2003) and the experiments of Mosely

the penetration factor, and once again the portion of the variakgt-al. (2001) suggest that the penetration factor is a function of
ity attributable to experimental uncertainty as opposed to variagressure differential across the crack (reflecting flow rate effects
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Figure 9. Averages and standard deviations of the parameter fits at the Richmond site for (a) penetration factor and (b) deposition
loss rate as a function of optical and aerodynamic particle diameter. The optical and aerodynamic diameters are not necessarily
identical for a given particle.
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within the building envelope). It is not unreasonable to assuraaepresentative range of real homes. This information will be
that the penetration factor in real homes will vary with envirorespecially important in evaluating potential causal relationships
mental conditions, as these variations induce time variationsiatween specific particle characteristics, such as size, and health
the differential pressure across the building shell. The parameteitcomes.

fit is not as sensitive to penetration factor as it is to deposition

rate, since the decay period—which provides the best fitting

data for deposition losses—is typically longer than the rebouR&FERENCES
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